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ABSTRACT 
 
Full Name : [Mahfuz Ullah] 
Thesis Title : [Effects On Microwave Signal Propagation Due To Layer Based 
Intensity Variation of Sand/Dust Storm] 
Major Field : [Electrical Engineering] 
Date of Degree : [December, 2015] 
 
In Saudi Arabia, severe sand/dust storms can limit the quality of service (QoS) for 
broadband communication channels. Thus, modeling of Microwave attenuation in 
different height of sand/dust storms is essential to optimize the link budget of 
communication channels. Although several models exist to predict the electromagnetic 
(EM) scattering in sand-dust storms, they are mostly dependent on visibility 
measurements at the epicenter of the storm. In addition to this inconvenient task, these 
models do not include multiple scattering effects from suspended sand and dust 
particles. In this research work, guided and non-guided experimental methods are used to 
investigate the degradation of Microwave signal propagating through an air-sand and air-
dust media. The process is started by collecting multiple dust/sand (with diameter of 
particles =90  m, 125  m, and 150  m) samples through sieve analysis. A test box is 
fabricated with an air valve that allows the flow of pressurized air with negligible sand-
dust leakage. This process is used to create a sand or dust storm like media within the 
box. Horn antennas that are optimally integrated on both ends, measure the magnitude 
and phase of the S-parameter responses. The measured responses (S21) are used to 
validate a simulated model of a similar setup. The software model is used to analyze the 
influence of sand-dust media parameters, such as particle-size, shape, concentration, 
xviii 
 
polarization and effective permittivity, on the propagating X-band signal. The analyzed 
data show that the model could be proven useful in predicting signal attenuation 
considering the effectsof different parameters related to Sandy/Dusty weather. Finally the 
simulated results are linked to the experimentally observed measurements by calculating 
attenuation due to presence of sand for a 1 m link and compared with values obtained 
from literature. 
  
 xix
 
 ﻣﻠﺧص اﻟرﺳﺎﻟﺔ
 ﻣﺣﻔوظ ﷲ : اﻻﺳم اﻟﻛﺎﻣل
ﺗﺄﺛﯾر اﻟﺗﻐﯾرات اﻟطﺑﻘﯾﮫ ﻟﻠﻌواﺻف اﻟﻐﺑﺎرﯾﮫ او اﻟرﻣﻠﯾﮫ ﻋﻠﻰ اﻧﺗﺷﺎر اﻣواج : ﻋﻧوان اﻟرﺳﺎﻟﺔ
 اﻟﻣﯾﻛروﯾف 
 اﻟﮭﻧدﺳﺔ اﻟﻛﮭرﺑﺎﺋﯾﺔ : اﻟﺗﺧﺻص
 5102, ﻛﺎﻧون اول: ﺗﺎرﯾﺦ اﻟدرﺟﺔ اﻟﻌﻠﻣﯾﺔ
 
ﻓﻲ اﻟﻤﻤﻠﻜﺔ اﻟﻌﺮﺑﯿﺔ اﻟﺴﻌﻮدﯾﺔ، ﯾﻤﻜﻦ ﻟﻌﺪﯾﺪ ﻣﻦ اﻟﻌﻮاﺻﻒ اﻟﺮﻣﻠﯿﺔ واﻟﻐﺒﺎرﯾﺔ ان ﺗﺆﺛﺮ ﻋﻠﻰ ﺟﻮدة ﺧﺪﻣﺔ  
وﻟﮭﺬا، ﺗﻢ وﺿﻊ ﻧﻤﻮذج ﻟﺘﻘﺪﯾﺮ اﻟﺘﺪھﻮر ﻓﻲ اﺷﺎرة اﻟﻤﯿﻜﺮوﯾﻒ ﻓﻲ . اﻟﻨﻄﺎق ﻗﻨﻮات اﻻﺗﺼﺎل واﺳﻊ
. ﺣﺎﻻت اﻟﻌﻮاﺻﻒ اﻟﺮﻣﻠﯿﺔ واﻟﻐﺒﺎرﯾﺔ اﻟﻘﻮﯾﺔ ﻣﻦ اﺟﻞ ﺗﺤﺴﯿﻦ وﺗﻄﻮﯾﺮ ﻣﯿﺰاﻧﯿﺔ اﻟﺮﺑﻂ ﻋﺒﺮ ھﺬه اﻟﻘﻨﻮات
اﻟﻨﺎﺗﺞ ﻣﻦ ( ME)وﻋﻠﻰ اﻟﺮﻏﻢ ﻣﻦ وﺟﻮد اﻟﻌﺪﯾﺪ ﻣﻦ اﻟﻨﻤﺎذج اﻟﻤﺨﺘﻠﻔﺔ ﻟﺘﻘﺪﯾﺮ اﻟﻨﺜﺮ اﻟﻜﮭﺮوﻣﻐﻨﺎطﯿﺴﻲ 
اﺿﺎﻓﺔ اﻟﻰ ھﺬا اﻟﻤﺘﻄﻠﺐ !. اﻟﻌﻮاﺻﻒ، ﻟﻜﻨﮭﺎ ﺗﻌﺘﻤﺪ ﻋﻠﻰ ﻗﯿﺎﺳﺎت واﺿﺤﺔ اﻟﺮؤﯾﺔ ﻣﻦ ﺑﺆرة اﻟﻌﺎﺻﻔﺔھﺬه 
ﻏﯿﺮ اﻟﻤﺮﯾﺢ، ﻓﺄن ھﺬه اﻟﻨﻤﺎذج ﻻ ﺗﺤﺘﻮي وﺻﻒ اﻟﺘﺄﺛﯿﺮات اﻟﻤﺘﻌﺪدة ﻋﻠﻰ اﻟﻨﺜﺮ اﻟﻨﺎﺗﺞ ﻣﻦ ﺟﺴﯿﻤﺎت 
 .ودﻗﺎﺋﻖ اﻟﺮﻣﺎل واﻟﻐﺒﺎر ﻓﻲ ھﺬه اﻟﻌﻮاﺻﻒ
ﮭﺔ وﻏﯿﺮ ﻣﻮﺟﮭﺔ ﻣﻦ اﺟﻞ اﻟﺘﺤﻘﻖ ﻣﻦ ﻛﻤﯿﺔ ﻓﻲ ھﺬا اﻟﻌﻤﻞ اﻟﺒﺤﺜﻲ ﺗﻢ اﺳﺘﺨﺪام طﺮق ﺗﺠﺮﯾﺒﯿﺔ ﻣﻮﺟ
ﺣﯿﺚ . ﻧﺪھﻮر اﺷﺎرة اﻟﻤﯿﻜﺮوﯾﻒ ﻋﻨﺪ اﻻﻧﺘﺸﺎر ﻓﻲ اﻟﻮﺳﻂ اﻟﺠﻮي ﺧﻼل اﻟﻌﻮاﺻﻒ اﻟﺮﻣﻠﯿﮫ واﻟﻐﺒﺎرﯾﺔ
ﺑﺪأت ھﺬه اﻟﻌﻤﻠﯿﮫ ﻋﻦ طﺮﯾﻖ ﺟﻤﻊ ﻋﯿﻨﺎت ﻣﻦ اﻟﻐﺒﺎر واﻟﺮﻣﺎل ﺑﺎﻗﻄﺎر ﺟﺰﯾﺌﯿﺔ ﻣﺨﺘﻠﻔﺔ ﺑﻮاﺳﻄﺔ ﻏﺮﺑﺎل 
ﺛﻢ ﺗﻢ ﺗﺼﻤﯿﻢ . ﻣﯿﻜﺮوﻣﺘﺮ 051ﻣﯿﻜﺮوﻣﺘﺮ، و  521ﻣﯿﻜﺮوﻣﺘﺮ، و  09ﺗﺤﻠﯿﻠﻲ وھﺬه اﻻﻗﻄﺎر ﻛﻤﺎ ﯾﻠﻲ 
ﺣﯿﺚ ﺗﻢ . ﺻﻨﺪوق اﺧﺘﺒﺎري ﻣﻊ ﺻﻤﺎم ﯾﺴﻤﺢ ﺑﺘﻔﻖ اﻟﮭﻮاء اﻟﻤﻀﻐﻮط وﺗﺴﺮب ﻗﻠﯿﻞ ﻣﻦ اﻟﺮﻣﺎل واﻟﻐﺒﺎر
ﻋﻠﻰ اﻻطﺮاف ﺑﻄﺮﯾﻘﺔ ﻣﺜﺎﻟﯿﺔ ﺗﺴﻤﺢ ﺑﻘﯿﺎس ﻣﻘﺪار وطﻮر ﻣﺘﻐﯿﺮات  nroHﺗﺮﻛﯿﺐ ھﻮاﺋﯿﺎن ﻣﻦ ﻧﻮع 
 (.S)ﻣﻌﺎﻣﻞ 
ﺳﺘﺨﺪاﻣﮭﺎ ﻓﻲ اﻟﺘﺤﻘﻖ ﻣﻦ اداء اﻟﻨﻤﻮذج ﻋﺒﺮ اﻟﻤﺤﺎﻛﺎة اﻟﺘﻲ ﺗﻢ اﻟﺤﺼﻮل ﻋﻠﯿﮭﺎ ﺗﻢ ا( 12S)ان ﻗﺮاءات 
ﺗﺤﺖ ﻧﻔﺲ اﻻﻋﺪادات، ﺛﻢ ﺗﻢ اﺳﺘﺨﺪام اﻟﻨﻤﻮذج اﻟﺒﺮﻣﺠﻲ ﻣﻦ اﺟﻞ ﺗﺤﻠﯿﻞ اﺛﺮ ﻣﺘﻐﯿﺮات وﺳﻂ اﻟﻌﺎﺻﻔﺔ 
ﻛﺤﺠﻢ ﺟﺰﯾﺌﺎت اﻟﺮﻣﺎل واﻟﻐﺒﺎر، وﺷﻜﻠﮭﺎ، وﺗﺮﻛﺰھﺎ، وﻗﻄﺒﯿﺘﮭﺎ، وﻣﻘﺪار ﺳﻤﺎﺣﯿﺘﮭﺎ اﻟﻔﻌﺎﻟﺔ ﻋﻠﻰ اﻧﺘﺸﺎر 
 (.X)اﻻﻣﻮاج ﻣﻦ ﻧﻮع ﻧﻄﺎق 
ﺒﯿﺎﻧﺎت اﻟﻤﺤﻠﻠﺔ اﻟﻰ ان اﻟﻨﻤﻮذج اﻟﻤﻮﺿﻮع ﻛﺎن ﻧﺎﺟﺤﺎ واﺛﺒﺖ ﻓﻌﺎﻟﯿﺘﮫ ﻓﻲ اﻟﺘﻨﺒﺆ ﺑﻤﻘﺪار اﻟﺘﺪھﻮر ﺗﺸﯿﺮ اﻟ
ﺛﻢ ﻓﻲ . اﻟﺤﺎﺻﻞ ﻋﻠﻰ اﻻﺷﺎرة ﺗﺤﺖ ﺗﺄﺛﯿﺮ ﻋﻮاﻣﻞ ﻣﺨﺘﻠﻔﺔ ﺗﺘﻌﻠﻖ ﺑﺎﺟﻮاء اﻟﻌﻮاﺻﻒ اﻟﺮﻣﻠﯿﺔ واﻟﻐﺒﺎر
اﺑﺤﺎث ﻟﻨﻤﺎذج  اﻟﻨﮭﺎﯾﺔ ﺗﻢ ﻣﻘﺎرﻧﺔ ھﺬه اﻟﺒﯿﺎﻧﺎت اﻟﻤﻘﺎﺳﺔ ﺑﻌﺪ ﻋﻤﻠﯿﺔ اﻟﻤﺤﺎﻛﺎة ﻣﻊ ﺑﯿﺎﻧﺎت ﻣﻮﺟﻮده ﻧﺎﺗﺠﮫ ﻋﻦ
 .ﺳﺎﺑﻘﮫ ﻓﻲ ھﺬا اﻟﻤﺠﺎل
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1 CHAPTER 1 
INTRODUCTION 
1.1 Introduction 
Quality of service (QoS) in different wireless communication channels isdependent on 
natural phenomena like rain, dust-sand storm, and snow.The suspended particles of 
water, dust, or snow can cause attenuation, scattering, and cross polarization for the 
propagating signal, which may introduce communication errors. So it is imperative to 
take account of these features and study their effects on the signal propagation. In recent 
years, researchers have investigated these phenomena [1-10] but they are mostly based on 
experimentally collected data. Since in the gulf region, dust-sand storms often limit the 
performance of communication channels, the main goal of this research work is to 
develop a software model (experimentally verified) to predict microwave signal 
attenuation and scattering due to multi-layered dust-sand storm. 
A sand and/or dust storm is a meteorological phenomenon. These are quite common in 
arid and semi arid regions, as shown in Figure 1.1 and in Figure 1.2. Figure 1.1 show two 
pictures of a playground inside the campus of King Fahd University of Petroleum and 
Minerals, the first one showing the ground during a sand storm and the second one shows 
the same playground after the storm. Storms like these arise when loose sand particles are 
moved from a dry surface by some strong wind and transported to some other place. In 
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many regions of the world, namely the Middle East, Africa, China, Australia, and some 
parts of South America, these storms are quite common and can affect large areas. 
Theaverage duration of these storms is 2-3 hours, but sometimes they could last from few 
hours to several days [1]. A recent sand-dust storm in Australia is shown Figure2. The 
reliability and stability of the communication links in these affected regions become a 
matter of concern in terms of Quality of Service. 
 
Figure 1.1:Sand Storm observed in a KFUPM play ground, during (above) and 
after (below) the storm, April, 2014. 
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Figure 1.2: A huge cloud of sand covers a coastal area in Australia, 2013 [2]. 
Basic differences between sand and dust are often made by comparing the sizes of 
particles found in these media, which may have radii between 0.5 μm to 200 μm. 
Particles with radii larger than 60 μm are called sand particles and those with radii less 
than 60 μm are known as dust [3]. In some literatures this distinctive value of the radius 
is 80 μm [4]. A pure sand storm is basically a thick layer of sand cloud. The majority of 
the terrestrial radio relays or satellite links are affected very little by the sand storms, 
because sand particles generally don’t rise above 2 meters from the ground. But above 
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this height, there remains dust storm which comprises of smaller particles than sand and 
can reach to a height of several thousand feet [3], [5].  A calculation of attenuation is of 
significant concern for the latter type of storm. Visibility is an indicator of the 
concentration of the storm and to be considered as a dust storm, the visibility has to be 
less than 1 km. Visibility of less than 500 meter is known as ‘severe dust storm’ [4]. 
Moreover, in the tropical regions where humidity is quite high, presence of a certain 
amount of moisture content in the particles also affect wave propagation. 
The attenuation and cross polarization of the microwave and millimeter wave signal due 
to the sand particles are of great importance. This attenuation is mostly caused due to two 
physical mechanisms:(i) absorption and (ii) scattering of energy by the suspended sand 
or/and dust particles. In addition, a sandy/dusty medium also introduces insertion phase 
shift in the propagating microwave signal, which can severely degrade the channel QoS, 
especially at the Ku-band [6]. In the literature, Rayleigh scattering approximation and 
Mie scattering theory are mostly used to model attenuation and cross polarization of 
microwave signal propagating through sandy-dusty media. Especially Rayleigh scattering 
approximation is used for particles that are smaller than the wavelength of the 
propagating wave. Mie scattering theory is considered in the cases of scattering and 
absorption of spherically shaped particles. However,most of the papers available in the 
literature use these theories to approximate scattering and absorption from uniform sand-
dust media; excluding the possibility that electrical properties of the media may be 
different at different heights of the sand-dust storm [6], [7].  
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Electrical and geometrical properties of a sand-dust media those mostly affect the 
propagating microwave signal include dielectric constants(r), sand-dust particle sizes 
and their concentration. Although dielectric constant and particle sizes can be 
approximated from the literature, the concentration or distributions of the particles within 
the sand-dust storms are uncertain. Mostly the sand and dust particles are randomly 
distributed and oriented depending on the speed and direction of the wind. Furthermore, 
the geometries or shapes of the particles are classified as ellipsoids, cubes, spheres, etc. 
So finding a reasonable effective dielectric constant(reff)is challenging, but critical in 
determining the electrical effects of sandy-dusty media. In the literature, this complex 
parameter is calculated as a function of sand and dust composition and measured 
visibility [8].For the calculation of signal attenuation, several models have been tried by 
several authors [9], [10], [13]. Despite the uncertainties of the parameters mentioned 
above, some models suggest that useful analysis and prediction can be done without 
having precise data for these uncertain parameters. Optical visibility and frequency of the 
propagating signal are the key parameters in these models, that include the works of 
Dong et al.[11], Goldhirsh [4], Ahmed et al.[12], Ahmed [13]. In other references it is 
specified that visibility is a measure to quantify sand concentration and can be used to 
predict signal attenuation in different sandy-dusty media[3], [6], [8], [12], [13]. Visibility 
measurements can also determine sand-dust particle sizes, as the intensity of received 
light increases with less dense sand-dust concentration. This leads to the concept of 
layered distribution of sand-dust through-out the sand-storm. Elsheikhet al. integrated this 
concept in their work by assuming uniform distribution of sand particles with an 
adjustment factor that accountsfor the vertical intensity variation of the sand-dust 
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storm[12]. Harb [7] proposed an attenuation model where vertical intensity variation of 
the visibility is used to predict attenuation. But unfortunately these models with layered 
uniform distribution of sand-dust particles are not experimentally verified.  
In this research work, a simple microwave scattering technique shall be used to 
experimentally validate the proposed software model, which is capable of determining 
the electrical properties of layered sand-dust media. An investigation shall also be 
conducted to observe the nature of the propagating microwave signals due to changes in 
particle sizes and sand concentrations. 
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1.2 Thesis Objectives 
The objectives and motivation of this work can be summarized as 
 To conduct a thorough literature survey on microwave propagation through sandy 
and dusty media, resembling sand-storms.  
 Collect local sand-dust samples and perform Sieve test to separate sand/dust 
samples of different particle size, i.e. diameter of 90m, 125m and 150m.  
 To assemble a microwave measurement setup to experimentally observe the 
propagation of the X-band microwave signal under sandy/dusty media with 
known particle sizeand concentration.  
 Develop equivalent simulator-model using HFSS software. Compare the 
simulated results with experimental findings to fine tune the simulator model.  
 Compare the simulated results with experimental finding to fine tune the software 
model.  
 Using the simulator model, investigate how the attenuation and polarization of 
propagating microwave signal is affected by the parameters of the sand/dust 
particles, such as, particle size, shapes and concentrations. This allows the 
prediction of losses due to different layers of the sand storm. 
 Compare the observed attenuation due to sand-dust particles with available 
attenuation/meter values from the literature.  
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1.3 Thesis Organization 
The remainder of the thesis is organized as the following 
Chapter 1: Introduction 
The first chapter introduces the concept of microwave signal propagation through 
sand/dust media. A brief discussion on the basic parameters which influences the 
propagation of signal is presented. The objectives of the thesis work and organization of 
the book are also given in this chapter. 
Chapter 2: Literature Review 
In the gulf region, sand-storms limit the performance of the wireless communication 
channels. This chapter summarizes the recent research work that investigates the EM 
wave propagation through sandy-dusty media.   
Chapter 3: Electromagnetic Properties of Sand/Dust Media 
This chapter briefly discusses common parameters used to investigate the interaction 
between the sandy-dusty media and the propagating microwave signal. These parameters 
include Maxwell’s equations, scattering parameters, attenuation constant, different modes 
for propagation, dielectric properties of sand like permittivity, loss tangents etc.  
Chapter 4: Experimental Verification of Simulation Model of Sandy/Dusty Medium 
As a proof of principle, a simple non-guided microwave lab setup will be developed and 
discussed in this chapter. Sieve analysis will be used to separate sand samples with 
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different particle size and blowers will be used to create lab based sand storms. 
Microwave scattering technique and network analyzer will be used to monitor attenuation 
and reflection effects.   
Chapter 5: Simulator Based Analysis of MW propagation through Sandy-Dusty Media 
In this chapter, a professional software (HFSS) will be used to simulate the sand storm. 
The simulation responses will be compared with the experimental results. This process is 
essential to validate the simulation model, before using it to analyze EM propagation 
through multi layered dust media. For this analysis, two types of particle shapes shall be 
investigated. They are spherical and elliptical shaped sand particles. 
Chapter 6: Comparison of Simulation and Experimental Results 
This chapter shall try to relate the simulation model that was used in chapter 5 to the 
experimentally obtained measurements which is shown in chapter 4, through an 
extrapolation method. Finally polarization effects shall be observed for a particular 
simulation scenario. 
Chapter 7: Conclusion and Future-work 
In this chapter, the summary of the results and observations that aremade during the 
research work will be discussed. Finally future research work that may add to these 
research findings will be mentioned.. 
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2 CHAPTER 2 
LITERATURE REVIEW 
Electromagnetic wave propagation through sand/dust storms is a widely researched area 
and several literatures are available to predict the attenuation and scattering of a 
microwave link. Some of these literatures are based on direct approaches, where real time 
data is collected and used to come up with theoretical models. Other literatures are based 
on an indirect approach, where calculations are based on the particle shapes/sizes and the 
dielectric constants etc. In this chapter, the available literatures are categorized on how 
the propagation properties of EM waves (attenuation/scattering/polarization) are affected 
by the electrical (dielectric constant) and physical (particle shape/size/density) properties 
of the sandy-dusty media.  The categories are divided in terms of (a) Effects on 
Attenuation, (b) Dielectric Constants and Loss Tangent and (c) Particle Size and 
Distribution. 
 
2.1 Attenuation Due To Sand-Dust Media 
Al-Hafid et al. [15] summarized their observation of some real time data on propagation 
of microwave link. They took measurements for a13 GHz communication link near the 
city of Baghdad, where it was found that the fade-depths to the received signals fall by 10 
to 15 dB for tens of minutes at a time. These experimental results showed a much larger 
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attenuation than a predicted response, especially considering the very low dust 
concentration with visibility range of around 6-10 km.  
J.W. Ryde [16]investigated the radar reflectivity of dust storms, which were  negligible at 
frequencies lower than 30 GHz. Ahmad [17] investigated a communication link operating 
at 10 GHz and predicted that  attenuation in clay (0.4 dB/km) is larger than that of sand 
(0.1 dB/km). In his calculations, he considered an upper limit of sand mass density to be 
10-5 g/cm3. In a similar research work, Ghobrial [20] predicted that the worst case of 
attenuation caused by a sandy-dusty media to an X-band EM wave is about 10-3 dB/km. 
Here he assumed dielectric constant of the media as 3.7 + j1.0 with a dust density of 106 
particles/m3. Ghobrial also investigated the attenuation of the propagating EM wave to 
the visibility related to the propagating media. For a visibility of 15 m, he predicted an 
attenuation of 0.25 dB/km for a propagating 14 GHz signal and an attenuation of 1.35 
dB/km for a 37 GHz signal.  
Chu [5]also proposed a relationship between visibilities with attenuation for microwave 
signal propagating through sandy/dusty media. He used the Rayleigh approximation and 
according to his findings:  for a sandy-dusty medium with dielectric constant of 10+ 
j1.0,suspending particle radius of 100  m and visibility of 0.15 km, the point attenuation 
is about 0.1 dB/km. In 1982, Ansariet al.[1] investigated the attenuation of EM waves 
through sandy-dusty media up to a frequency range of 37 GHz. Similar to Chu’s work 
Haddadet al. [21] related attenuation to visibility. In this research work, dust storms were 
simulated inside a laboratory chamber and the findings indicated a much larger 
attenuation than the predicted results. The measured attenuation was 0.034 dB/m, 
whereas the calculated value was 0.001 dB/m, for a density of 6 x 10-5 g/cm3[21]. 
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Rafuses’[22]research work on this topic concluded that EM signal attenuations due to 
sand and dust storm are negligible up to 44 GHz. For a 44 GHz signal, propagating 
through a storm with visibility of 100-200m, he predicted an attenuation of 0.085 to 0.2 
dB/km, respectively. 
2.1.1 Attenuation Prediction Model 
Different theoretical models exist in the literature to calculate the attenuation of the 
electromagnetic wave propagating through sand-dust storms. Most of these models are 
heavily reliant on parameters like visibility (i.e. sand/dust concentration) and particle size 
of the sand/dust. 
a. Work of Goldhirsh[4]: 
Goldhirsh derived a formula of EM wave attenuation due to sandy-dusty media, based on 
the Rayleigh approximation. The formula is given in terms of frequency and visibility as, 
α =
(2.317)(10  )f
V 
  .   λ
 
∈"
(∈ + 2)  +∈"
    
dB
m
          (1) 
Here λ is wavelength in meter, ∈ 
∗= ∈ −  j ∈   is the dielectric constant of the dust 
particle, γ is a constant whose value is chosen to be 1.07, V is the visibility in kilometers 
and ‘f’ is the frequency of the EM wave link in GHz. 
b. Work of Ahmedet al. [12]: 
Ahmedet al. also derived similar attenuation model as a function of visibility. His 
formula was based on Mie scattering theory and measured probability density function 
and can be expressed as: 
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α =
5.67 ×   r 
V   ×   λ
 
∈"
(∈ + 2)  +∈"
    
dB
m
          (2) 
Here ∈ 
∗= ∈ −  j ∈   is the dielectric constant of the dust particle andr  is the effective 
particle radius of sand inside the propagation medium. It is considered as third to second 
moment of size distribution of the sand particles and expressed as  
∑     
 
 
∑     
 
 
 .   is the 
probability associated with the particle radius   .  
c. Work of Donget al. [11]: 
The attenuation formula derived by Dong et al. was expressed in terms of frequency and 
visibility as; 
α =
(2.573)(10  ) f
V 
    Im  
∈ 
∗− 1
∈ 
∗+ 2
   
dB
m
                 (3) 
Here too, the value of the constant γ is chosen as 1.07. 
 
d. Work of Ahmed [13]: 
Ahmed derived [13] another attenuation formula based on Rayleigh approximation and 
given by 
α =
0.629 × 10  f  r 
V 
 
∈"
(∈ + 2)  +∈"
    
dB
m
             (4) 
Here, r  is the effective particle radius of sand. 
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Note that all the above models for predicting EM wave attenuation require measuring 
visibility, which is often difficult and dangerous at the epicentre of the dust/sand storm. 
So this thesis proposes an alternative microwave model to predict attenuation, which 
requires knowledge about the electrical parameters of media (dielectric constant of the 
media, wave polarization etc). 
 
2.2 Dielectric Properties of Sand-Dust Media 
 
2.2.1 Permittivity and Loss Tangents 
 
Uncertainty about the complex dielectric constants (∈ ) has been a subject of extensive 
study for quite some time [18] [19]. Ahmed [17] made a series of measurements at 10 
GHz and found that sand permittivity as 3.8 + j0.038 by extrapolating to the ∈ vs density 
plot of solid material. He also tried to find some mean permittivities of some compressed 
samples by packing them into a short circuited waveguide and making reflection 
measurements. Later Al Baderet al. [23] also measured permittivity by putting the 
samples inside waveguide. For 10 GHz they calculated ∈ as 2.5 + j0.072. Al Hafidet al. 
[15] also made measurements of sand-dust particles permittivity using an open resonator 
and the measured loss tangent was very low (0.00024). Chu [5] made assumptions 
regarding permittivity of spherical sand-dust particles with radius ranging from 0.01 to 
0.1 mm and  found the range of∈ from 2.5 + j0.025 to 10 + j0.1 for dry-soil to desert-
sands, respectively. In the findings of Ghobrial [24], dielectric loss (loss tangent) for the 
sand-dust particles were observed to increase by 0.03 for a 4.3% increase in the moisture 
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contents within the sample. These results are larger compared to the loss-tangent 
approximated in Chu’s work (i.e. 0.01). Sharifet al. [25] made measurements on the 
effect of moisture contents and chemical composition on dust permittivity. The mean ∈ 
for several samples of dehydrated soil was measured as 5.23 + j0.26. In the research work 
of Al-Baderet al. [23], the loss tangent was observed to decreases with particle size. This 
was expected as eff also decreases to some extent with particle size. 
2.2.2 Particle Size and Distribution of Sand-Dust Media 
 
Ryde [16] first made a distinction between sand and dust storm. He said particles greater 
than 75 microns are considered sand and they can rise at most at a height of 2 m. In his 
investigation, a thick sand-dust surface layer of 1 cm was raised to a height of 300 m and 
the suspended sand-dust density was found to be 7 x 10-5 g/cm3. Ghobrialet al. [20] 
considered a suspended dust density of 106 particles per m3. During the measured particle 
size distribution in the city of Khartoum, a maximum radius of dust particle was found to 
be 150 microns. In a similar observation Al-Baderet al. [23] also concluded that the 
maximum particle radius for an air borne sample of dust (also called as ‘mainly clay’) is 
150 microns. . Goldhirsh [26] showed that in a sand storm, suspended sand-dust density 
of 108 particles per m3 corresponds to a visibility of 4 to 5 meters. In another observation, 
Ghobrial[29] reported that the mean diameter of dust particles is less than 50  m. This 
estimation was based on measurements performed on four different Sand and Dust 
storms. Ansariet al. [1] reported that the particle distribution is exponential and most 
particles had a maximum radius of 150   . According to the work of Sharif [30], 
particles may have an average diameter of 134  m.  
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In the literature, most commonly used particle size distributions includes Gaussian 
distribution (normal), log-normal distribution and Rosin-Rammler distribution. Ahmed 
[13] analyzed 16 samples of five different sand-dust storm in Riyadh and concluded that 
14 of them can be considered of log-normal distribution and the remaining two can be 
specified by the power law. He used the square method of fitting in these observations. 
An overall view on the literature review which is done for this work is presented below in 
Figure 2.1. 
 
Figure 2.1: A summary of the literature review 
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CHAPTER 3 
ELECTROMAGNETIC PROPERTIES OF 
SAND/DUST MEDIUM 
3.1  Properties of Electromagnetic Waves 
 
Electromagnetic (EM)waves cantravel through a media or through free space (vacuum), 
whereas mechanical waves require a medium in order to travel from one position to 
another. An electromagnetic wave consists of oscillating orthogonal electric and 
magnetic fields components in directions perpendicular to the propagating EM wave. 
Frequency spectrum of EM wave is divided into different frequency bands based on their 
application [30].  
Some basic properties of Electromagnetic waves can be summarized as;  
1. In vacuum/air, EM waves travel at a constant speed of 3 x 108 ms-1. 
2. The EM waves are transverse in nature as the E and H fields do not have any 
components in the direction of propagation.  
3. Polarization of EM waves exhibits the oscillating properties of the E-field 
components of the wave.  
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4. The wavelength and frequency of the electromagnetic wave is related by the 
equation   =   . Here c is the speed of the EM wave or light;v is frequency and   
is the wavelength of the EM wave.  
5. When obstructed during propagation, EM waves display scattering properties.  
 
Figure 3.1: A Linearly Polarized Electromagnetic Wave. 
 
3.1.1  Maxwell’s Equations for a Lossy Dielectric Medium [28] 
If the medium is considered lossy, isotropic, homogenous and charge free, then the 
Maxwell’s Equations follow as 
∇ .    = 0                                                          (3.1) 
∇ .    = 0                                                          (3.2) 
∇ .    = −     (3.3) 
∇ .    =   +      (3.4) 
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Here    and    correspond to the associated Electric field and Magnetic field 
respectively.  
Considering the curl on both sides of equation 3 leads to 
∇    −  
    = 0                                                   (3.5) 
Similarly, equation 4 can be simplified as, 
∇    −  
    = 0                                                   (3.6) 
Here   is known as the propagation constant and is a complex parameter [28]. Its real 
part   is known as attenuation constant and its imaginary part   is known as phase 
constant. 
  =   +                                                                    (3.7) 
This attenuation constant and phase constant can be simplified further as 
  =   
  
2
  1 +  
 
  
 
 
− 1  (3.8) 
  =   
  
2
  1 +  
 
  
 
 
+ 1  (3.9) 
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3.1.2 Scattering Parameters (S- Parameters) 
 
The S-matrix represents a matrix of some complex scattering parameters that help to 
quantify how RF energy propagates through a multi-port network. These parameters 
allow us to accurately describe the very complicated networks as simple ‘black boxes’. If 
an RF signal incidents on one port, some part of it bounces back out of that port, some of 
it scatters and exits through other ports (and is perhaps even amplified), and some of the 
signal become nonexistent as electromagnetic radiation or heat. 
S-matrices for one, two and three port network are given below [28]: 
One port network:   (S  ) 
Two port network:    
S  S  
S  S  
  
Three port network:                              
S  S  S  
S  S  S  
S  S  S  
  
S parameters for a simple two port network are shown in Figure 3.2. 
 
 
 
Figure 3.2: A Simple two port network. 
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Here the incident voltage at each port is ‘a’ and leaving voltage at each port is ‘b’. If the 
characteristic impedance is Z0 and considering that each port is terminating at Z0, the 
scattering parameters of the S matrix are defined by [28]: 
S11=  (b /a );        S12= (b /a );         S21= (b /a ); S22= (b /a ). 
 
3.1.3 Guided Wave Propagation through Dielectric Media 
 
Waveguide: A rectangular waveguide is used in this research work which is excited by a 
pair of horn antenna. The geometry of the waveguide defines its function. Another 
important parameter that affects the waveguide’s shape/size is the frequency. The rule of 
thumb is, the wavelength has to be the same order of the magnitude as the width of the 
waveguide. 
In this study, a rectangular waveguide is used for the guided wave propagation. 
Rectangular waveguides are one of the earliest types and operate between frequency 
ranges of 1 GHz to above 220 GHz. This type of waveguide functions as a typical high 
pass filter. It cannot propagate microwave with frequency lower than its cutoff frequency.  
The cut off frequency of a rectangular waveguide is given by [28] 
f  =  
u′
2
  
m
a
 
 
+  
n
b
 
 
                                    (3.10) 
u′ =
1
 ∈ µ
                                                            (3.11) 
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In free space the electric permittivity is ε0 and magnetic permeability is μ0, which mean 
µ′ will represent the speed of light inside the waveguide. In our initial media (air), 
ε0=8.85×10
-12F/m &µ0=1.257×10
-6 H·m−1. The ‘a’ and ‘b’ dimensions of a rectangular 
waveguide are shown in Figure 3.3. From here it is clear that only cross section 
dimensions of the waveguide, parameter ‘a’ and ‘b’ affect the cutoff frequency, not the 
length of the waveguide. The length only affects the power losses. 
 
Figure3.3: Rectangular Waveguide. 
3.1.4 Different Modes for Propagation 
Guided EM waves cannot be described as superposition of plane waves that exits in free 
space. For a particular frequency, an EM wave can be described in terms of different 
Transverse modes, where each mode has different propagation constant, thus different 
cutoff frequency[28]. Electromagnetic modes which are responsible for guided 
propagation are briefly discussed below. 
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TE Mode: 
Here electric field lies in the direction which is perpendicular (transverse) to the direction 
of propagation.  
TM Mode: 
Here magnetic field lies in the direction which is perpendicular (transverse) to the 
direction of propagation. 
For rectangular waveguides, ‘m’ and ‘n’ represent the number of half wave patterns 
across the width and height of the waveguide, respectively [28]. For each combination of 
‘mn’ of a particular mode, different cutoff frequency is found. Figure 3.4 shows field 
patterns of a dominant mode within rectangular and circular waveguides. 
 
Figure 3.4:Field Patterns of Some Dominant Modes for Waveguides [28]. 
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For non-guided propagation, plane waves propagating with TEM modes are considered. 
Path loss needs to be calculated to find the attenuation due to sand-dust particles of the 
propagation path. The equation for pathless in free space is given by: 
Free Space Path Loss,  FSPL =  
    
 
 
 
  (3.12) 
Here f is frequency in Hz, d is distance from the transmitter, in meter and c is the speed 
of light. 
3.2  Dielectric Properties of Sand 
3.2.1 Permittivity 
EM propagation through sand and dust is generally affected by the dielectric properties of 
the media. The complex permittivity of sand and dust is given by[28]; 
∈ = ∈
′−   ∈′′                                      (3.13) 
Where, the real part ∈′is associated with the stored energy and the imaginary part 
∈′′represents the dissipated of energy in the sandy-dusty medium. 
3.2.2  Dielectric Loss Tangent 
Dielectric loss tangent is represented as ‘tan  ’ and expressed as the ratio of the 
imaginary part to the real part of the complex permittivity ∈ [28] 
tan   =  
∈′′
∈′
                                            (3.14) 
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It should be noted that, for dielectrics with small value of dielectric loss tangent (δ≪ 1), 
tan δ ≈ δ. This term normally creates a relationship between distances with the power 
decay which takes place in the propagation of EM wave. 
3.3 Soil Taxonomy 
The texture of soil varies from region to region in the desert areas all over the world. The 
United States Department of Agriculture (USDA) and National Cooperative Soil Survey 
of the United States have classified the types of soil and developed soil taxonomy [31]. 
This taxonomy provides an elaborate classification of soil types according to several 
properties and parameters of soil. USDA informs and refines hierarchical classes on the 
basis of criterion involving soil morphology and laboratory tests. Figure 3.5presents a 
summary of the classification of soil in a triangular format.  
 
Figure 3.5: Soil texture in triangular format [31]. 
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Most of the sand/dust storms in Saudi Arabia are experienced in areas which are rich in 
silt and clay.  Topographically, dust storms are generated in the low lying regions. This is 
because of the fact that the prevailing winds are unimpeded by higher terrain. It is also a 
fact that the world’s arid and semi arid regions highly correlate with the major desserts of 
the world [32]. Figure 3.6 shows a map of the Arabian Peninsula for different grain sizes 
of soil. 
 
Figure 3.6: Map of soil grain sizes and types in the Middle East [32]. 
From the Figure 3.6, it is clear that the available sand in the Dhahran region is of Fine 
Sand type. Thus, the sand samples that are used in this work are collected locally from 
Dhahran, are also Fine Sand. As this work investigates the X band MW signal 
propagation through sandy/dusty medium, Table 3.1 shows the Moisture content and 
dielectric constant of sandy soil for the frequency range of 8-12 GHz (X-band). 
 
 
 
27 
 
Table 3.1: Dielectric constants for different types of soil/sand. 
Frequency Range 
of X band (GHz) 
Soil Type Moisture 
Content % 
(H2O/g) 
Dielectric Constant 
(∈ 
∗= ∈ −  j ∈  ) 
Reported By 
 
 
8-12 
 
Sandy Soil 
0 
3.88 
16.8 
2.53-j0.01 
3.6-j0.432 
13-j3.77 
 
Von Hippel 
[33] 
 
Loamy 
0 
13.7 
2.44-j0.003 
13.8-j2.484 
 
3.4 High Frequency Structural Simulator (HFSS) 
High Frequency Structural Simulator (HFSS) is a software that solves finite element 
method commercially for electromagnetic structures. It is a product from the renowned 
software developer company Ansys. This particular software is mostly recognized for 
designing complex RF electronic circuit elements like filters, transmission lines, antenna 
etc. This work shall investigate propagation of MW signal in several arrangements. The 
basic steps in designing such an arrangement are provided below: 
 At first, the software model is designed. This includes designing objects, 
antennas, selecting medium etc. 
 After that, boundaries are assigned for the medium. In this work, simulation 
scenarios include guided and non-guided propagation. For simulating guided 
environment, ‘Perfect E’ boundaries are used. And to represent the non-
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guidedsimulation environment, the boundaries of the test box are assigned as 
‘Radiation’ boundaries. 
 Next the excitations are assigned, i.e. antennas are generated to record responses. 
These assigning of excitations are done by selecting faces of the object in 
concern. 
 Then, the simulation profile is selected. This includes choosing frequency ranges 
of interest.  
 Finally choosing the type of graph is necessary. The parameters of interest are 
chosen to observe the simulation responses. 
Figure 3.7 shows an example of a rectangular waveguide constructed in HFSS. Here the 
boundaries are chosen as ‘Perfect E’. 
Figure3.7: Simulated model of rectangular Waveguide in HFSS. 
Figure 3.8 shows one of the assigned wave ports to one side of the constructed 
waveguide. 
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Figure 3.8: Wave port in construction for simulating S parameter responses for the 
waveguide. 
Once the setup is completed, choosing appropriate material inside the waveguide can be 
done by selecting properties to assign materials. This window consists of a set of 
predetermined materials; even new materials can be created too. 
 
Figure 3.9: Material selection in HFSS simulation software. 
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Then the simulation profile is chosen as per requirement. For frequency sweep, a range 
needs to beselected. A solution frequency is chosen as well and the minimum number of 
passes needs to be fixed as well.  
 
Figure 3.10: Window for choosing frequency sweep. 
Once the simulation is completed, necessary results can be obtained by choosing the 
appropriate plot in the post processor menu (like S-parameters, Radiation patterns, input 
Impedance etc). 
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CHAPTER 4 
EXPERIMENTAL VERIFICATION OF THE 
SIMULATION MODEL OF SANDY/DUSTY MEDIA 
4.1 Propagation through Guided Media 
As an initial investigation, attenuation of microwave signal propagating through sand-
dust filled rectangular waveguide is experimentally measured. These results will be 
usedlater to tune the software-simulation-model before using it for investigating non-
guided propagation. This experimental setup used a coaxially fed rectangular waveguide 
with dimensions of a = 16.4 cm  and   = 8.2 cm .The length of the waveguide was 78 
cm. The schematic diagram and the rectangular waveguide setup used in this experiment 
are shown in Figure 4.1 and Figure 4.2 respectively.  
 
Figure 4.1: Schematic diagram of a rectangular waveguide. 
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Figure 4.2: Photograph of the set up that was used for guided measurements. 
Using a blower fan, a mixture of air-dust and sand-dust media were created within the 
waveguide before using the network analyzer to monitor the scattering parameters. But 
this measurement requires knowledge about the modes operating insidethe waveguide. 
 
4.1.1 Propagation Modes 
 
It is well known that rectangular waveguides need either E or H field component in the 
direction of propagation. Thus, it supports the propagation of TMmn(transverse magnetic) 
and TEmn(transverse electric) modes, where the ‘m’ and ‘n’ are the number of half cycle 
variations of the fields in the x and y directions, respectively. The cut-off frequency of 
the rectangular waveguide was calculated using equation (3) of chapter 3 and is tabulated 
in Table 4.1. 
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Table 4.1: The Cut off frequencies (GHz) of rectangular waveguide. 
 n=0 n=1 n=2 n=3 n=4 n=5 
m=0  1.83 3.66 5.48 7.31 9.14 
m=1 0.91 2.04 3.77 5.56 7.37 9.19 
m=2 1.83 2.59 4.09 5.78 7.54 9.32 
m=3 2.74 3.30 4.57 6.13 7.81 9.54 
m=4 3.65 4.09 5.17 6.59 8.18 9.84 
m=5 4.57 4.92 5.85 7.13 8.62 10.22 
 
Here, for the Transverse Electric (TE) modes n, m ≥ 0 (n ≠ m ≠ 0), while for the 
Transverse Magnetic TM modes, n, m ≥ 1. The parameters ‘a’ and ‘b’ were chosen as 
16.4 cm and 8.2 cm respectively, as per the dimension of the rectangular waveguide that 
we used in the laboratory. 
4.1.2 Horn Antenna 
 
Although coaxial feed was adequate to excite the guided microwave propagation through 
air-sand-dust filled rectangular waveguide, non-guided propagation through sandy/dusty 
media required antennas. A horn antenna, made of tapered rectangular waveguide 
section, is an efficient radiator of microwave signal. At the same time the shape also 
helps to minimize reflection due to improved impedance matching throughout a very 
wide frequency range. A schematic diagram of a rectangular waveguide antenna is shown 
in Figure 4.3. The cut off frequencies of this antenna depend on the rectangular 
34 
 
waveguide that excites metal horn, and the values can be found similarly as mentioned in 
the earlier sub-section 4.1.1. 
 
Figure 4.3: Schematic diagram of a Horn antenna. 
 
Figure 4.4: Photograph of the Horn antenna used to excite the waveguide. 
The small rectangular waveguide associated with this horn antenna had dimensions of 
a=2.3 cm and b=1.1 cm. Our frequency of interest in this particular measurement was 8-
10 GHz. By calculating other cut off frequencies with different modes, it is seen that only 
TE10 mode is propagating. Using these values of ‘a’ and ‘b’ the cut off frequency for the 
TE10 mode was found to be 6.517 GHz (for the horn antenna). 
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4.1.3 Sieve Analysis to Separate Sand/Dust Samples 
 
To fill the waveguide with air-dust or air-sand mixture, sand and dust samples are 
needed. Sieve analysis is widely used to separate the sand particles according to their 
particle size. This is important, as the attenuation of the propagating signal needs to be 
related to different vertical layers of the sand storm, which normally has sand particles of 
different sizes and intensity. The sieve analysis is used here to separate three sand-dust 
samples with different particle sizes. The machine used for this process is shown in 
Figure 4.5. Figures 4.6 and 4.7 show the Sieve analysis process, implemented by the 
mechanical multi-compartment vibrator. The machine separates the sand samples using 
pre-selected trays that allow the sand particles with certain diameters to travel to the 
lower compartments. Once the sieve analysis is completed, sand-dust samples with 
different particle sizes are collected from different compartments of the machine. From 
the literature survey, the concerned range for particle size is up to 150 μm. The machine 
that was used for Sieve analysis had the minimum filter of a diameter of 90 μm. So we 
collected some sand samples and separated particles under three categories: diameter of 
90 μm, 125 μm, and 150 μm. These separated samples of sand are shown in Figure 4.8. 
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Figure 4.5: The mechanical shaker used for Sieve Analysis. 
 
Figure 4.6: Loading sand samples in the Sieve analysis setup. 
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Figure 4.7: Separation of sand samples through mechanical shaking. 
 
 
Figure 4.8: Separated sand samples of diameter 90 µm, 125 µm, and 150 µm. 
After sieve analysis was done, the resultant sand samples of different sizes were collected 
in separate jars in order to use it in the experiments.  
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4.1.4  Experimental Set-up for Propagation through Rectangular W/G 
A two port Vector Analyzer (HP8510) is used to observe the attenuation of the 
microwave signal, propagating through a rectangular waveguide filled with air-sand and 
air-dust media. To simulate a sand-dust storm, several air-holes were embedded within 
the rectangular waveguide to introduce pressured air-flow. Consequently, the waveguide 
was filled with desired air-sand or air-dust mixture. Care was taken to avoid leakage from 
the waveguide. Since the volume of the waveguide and the quantity of sand particles 
were known, the concentration of the particles can be calculated.  The experimental setup 
of air-sand/air-dust filled waveguide with pressured air flow is shown in Figure 4.9. The 
connections of the network analyzer to the transmitting and receiving sections of the 
waveguide are also shown. Note that optimized coaxial probes are used in the figure to 
excite (port 1) and receive (port 2) microwave signals. The attenuation due to single 
mode and multi-mode propagation through the air-sand and air-dust filled waveguide is 
observed by monitoring the S-parameter responses.  The vector network analyzer allowed 
the measurement of magnitude and phase responses of the reflection (S11) and 
transmission (S21) parameters to demonstrate how the propagating microwave signal is 
affected by different sand-dust samples. 
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Figure 4.9: Inducing Sand storm within the rectangular waveguide. 
 
4.1.5 Experimental Results for Waveguide Excited by Coaxial Feed 
For two frequencies (1.4 GHz and 8 GHz), the measured S-parameters for guided 
microwave propagation through air-sand/air-dust media are listed in Table 4.2. Since the 
cut-off frequency of the waveguide is 0.91 GHz, the frequencies of 1.4 and 8 GHz are 
selected to observe the attenuation for single and multi-mode microwave excitations, 
respectively. It is clear from this table that air-sand mixture introduces extra attenuation 
in both frequencies. As increasing frequency increases the electrical length of the 
microwave signal, the resulted attenuation of the propagation signal is much larger. Also 
the dielectric properties of the air-sand media have larger effect on the high frequency 
signal (8 GHz) compared to low frequency signal (1.4 GHz).Since the coaxial probes 
were designed to optimally excite the waveguide at 1 GHz, the observed S-parameters for 
1.4 GHz signal was more accurate compared to 8 GHz signal.  The responses shown in 
the higher frequencies are less stable than that of lower frequencies. Also the results at 
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high frequency were difficult to reproduce. To overcome this situation, the rectangular 
waveguide with air-sand and air-dust filling was excited using horn antennas.  
Table 4.2: Experimental results for guided propagation excited by coaxial probe. 
Frequency 
(GHz) 
Condition S11 (dB) S21(dB) 
1.4 
Air filled waveguide -14.88 -0.229 
Air-Sand filled waveguide -10.02 -0.34 
8 
Air filled waveguide -19.1 -8.8 
Air-Sand filled waveguide 
 
-5.5 -12.5 
 
 
4.1.6 Experimental Results for Waveguide Excited by Horn Antenna 
 
A pair of rectangular horn antennas was used to excite the rectangular waveguide. Care 
was taken to avoid leakage during pressurized air flow, which creates the air-sand or air-
dust mixture. Using the same technique of the previous section, network analyzer was 
used to measure the S-parameters (magnitude and phase) of the propagating microwave 
signal.   
The air-sand and air-dust mixture was created using specified quantity of the three sand-
dust samples with particle sizes 90 μm, 125 μm and 150 μm (separated earlier using sieve 
test). For a signal frequency of 9 GHz, Figures 4.10, 4.11 and 4.12 display the 
transmission responses (S21) of the air-only, air-dust and air-sand filled waveguide for 
sand samples of 90 μm, 125 μm and 150 μm, respectively. 
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Figure 4.10: Measurement of S-parameters for guided propagationwith 90 μmsand 
samples. 
 
 
  
Figure 4.11: Measurement of S-parameters for guided propagationwith 125 μmsand 
samples. 
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Figure 4.12: Measurement of S-parameters for guided propagationwith 150 μmsand 
samples. 
 
Experimental findings are given here in tabular format for guided propagation for 
different size of sand particles. Here frequency of interest is 9 GHz. 
Table 4.3: Experimental results for guided propagation excited by horn antenna. 
For sand sample with diameter of: 90 μm 125 μm 150 μm 
S21 for Waveguide filled with Air only -5.4 dB -5.21 dB -5.637 dB 
S21 for Waveguide filled with air-sand/air-dust -7.32 dB -9.102 dB -12.18 dB 
Attenuation of the EM wave due to sand/dust 1.92 dB 3.892 dB 6.543 dB 
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From the above results, it is clear that losses due to the presence of sand with air are 
increasing with the increase in particle size. This is expected as increase in particle size 
increases the effective dielectric constant of the transmission medium, which causes more 
scattering and absorption of propagating microwave signal. 
4.1.7 Simulation Results for Guided Propagation using HFSS 
 
Since filling the waveguide with air-sand and air-dust mixtures are difficult without 
causing leakage, carrying out multiple experimental observation are difficult. So a 
validated simulator model of similar setup is proposed here for the investigation of 
change in attenuation, polarization of the microwave signal due to air-sand and air-dust 
media. The professional software used in the research work was called: High Frequency 
Structural Simulator (HFSS).  
This software is mostly used to analyze microwave properties of EM propagation and 
devices including transmission line, filters, antennas etc. The simulation model of the 
measurement-setup is shown in Figure 4.13. The steps for creating the software model of 
a rectangular waveguide terminated by transmitter and receiver horns are briefly 
discussed here. At first, the structure is drawn according to the size of the given 
waveguide. After that the waveguide medium is selected by assigning values for relative 
permittivity and loss tangent. Then the metallic waveguide boundaries are assigned by 
choosing Perfect-E boundaries for the simulated waveguide. An air box with radiation 
boundaries (hidden from Figure 4.13) are integrated around the waveguide to implement 
perfectly matched layers. The simulation setup is created by setting 1.4 GHzas solution 
frequency and then a frequency sweep to obtain S-parameter responses for desired 
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frequencies (1-10 GHz). The finite element solver required specifying an error-margin 
and final passes to limit simulation time depending on satisfying either criterion. The 
electromagnetic wave is excited using ports assigned to selected boundary. Integration 
line is available to define different excitation modes, as required. In the later part of the 
simulation, the model includes a complicated horn antenna, attached with the rectangular 
waveguide to minimize simulation error (not shown in figure 4.13).Once the model is 
complete, simulation is initiated to obtain the S parameters responses of the propagating 
microwave signal through sand-dust-air filled rectangular waveguide. 
 
Figure 4.13: Air-sand/air-dust filled waveguide, excited by ideal port. 
Using this setup, several simulations are conducted and compared with the experimental 
results (Table 4.2) to validate the software model by optimizing meshing parameter, port 
setup, dielectric loss tangent, permittivity etc. It is observed that for sand sample with 
effective permittivity ∈   = 3 and dielectric loss tan   = 0.002, the simulated results 
best matched experimental S-parameter responses, as tabulated in Table 4.4.Note that 
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these simulated results are comparable to experimental responses listed in Table 4.2. 
Once validated, the simulation model can now be used to simulated complex non-guided 
propagation of microwave through air-sand and air-dust filled media.  
Table 4.4: Simulated S parameters for rectangular waveguide. 
Frequency (GHz) Type S21 (dB) 
1.4 
Air only 0 
Sand air mixture -0.38 
8 
Air only -1.5 
Sand air mixture -21.1 
 
Due to the influences of the guiding structures, this simulation method cannot be used for 
non-guided setup. Similar simulation analysis is done later in this chapter for the case of 
non-guided propagation by changing the properties of the structure which contains the 
medium for signal propagation.  
 
4.2  Propagation through Non Guided Media 
For non guided propagation measurements, a 4 mm thick plastic box is fabricated to 
accommodate the sand-dust storm within a laboratory environment. The dimension of the 
box was chosen as 80 cm x 60 cm x 60 cm. The box is shown in Figure 4.14.  
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Figure 4.14: Plastic Box built for investigation of non guided propagation. 
This dimension was best suited for achieving required concentration of the air-sand or 
air-dust mixture using the existing quantity of the sand samples.  A pair of horn antennas 
is also used here to excite and receive the microwave signals. The schematic diagram of 
the measurement setup used to monitor the effects of the air-sand and air-dust media on 
the propagating microwave signal is shown in Figure 4.15. 
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Figure 4.15: Schematic diagram for non-guided attenuation measurement setup. 
 
 
Figure 4.16: Non-guided attenuation measurement setup with loaded sand samples of 300 
gm. 
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Using optimally placed air-ducts (holes), pressured air flow is circulated through the box 
to achieve sand/dust storm like dielectric media. Multiple air blowers are used for this 
purpose and the ducts are positioned to maintain uniform air-sand or air-dust mixture 
through the propagation path of the microwave signal. Filter strips are used to design air 
outlets, which are carefully positioned within the box, allowed only the air to pass 
without letting sand/dust particles to escape the plastic box.  
At the beginning of the experiment, horn antennas are optimally positioned in both sides 
of the plastic box to record initial transmission and reflection responses of the X-band 
microwave signal, propagating through air-plastic media. This measurement is later used 
as a reference value to obtain the attenuation of the microwave signal due to air-sand or 
air-dust dielectric contents of the box. This initial measurement is also used to align the 
antenna positions, to excite X-band microwave signals, throughout the measurements. 
 
Figure 4.17: Propagation through air-sand media with concentration of 1.04 kg/m3. 
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Once the measurement setup is ready, sand/dust samples are loaded within the box. The 
mass of the sand/dust samples that was put inside the box was chosen as 300 grams 
throughout the experiment. Multiple strong blowers are used to mix the sand /dust sample 
thoroughly to simulate a sand storm like dielectric environment within the box. Figure 
4.17 shows a scenario showing the measurement taking process with sand/dust samples 
with sand concentration of 1.04 kg/m3. Using horn antennas, microwave signal is excited 
within the box to monitor scattering and attenuation of the propagating microwave signal 
for different samples and even for different concentrations.  
To make the air-sand and air-dust mixture as uniform as possible, air-blowing through 
air-vent holes were used. The circulation of sand inside the box was clearly visible. After 
that the measurements of the losses were taken through the network analyzer, by blowing 
air through a heavy air blower. Here all of the sand samples were used separately, i.e. 
sand sample of diameter 90 μm, 125 μm, and 150 μm. Although the S- parameter 
readings for X-band is recorded, the frequency of interest in this observation is 9 GHz. 
This allowed the comparison of simulated results with experimental data. 
 
4.2.1 Experimental Results for Non-guided Propagation 
 
The S-parameter values, which were observed with the help of network analyzer, are 
plotted using MATLAB software. The superimposed plots for three different sand 
samples are plotted in Figure 4.18. It should be noted that the mass density for these 
experimental findings were takenfor a sand concentration of1.04 kg/m3 in each case.  
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Figure 4.18: Comparison of measured attenuation of MW signal at 9 GHz, propagating 
through three sand samples. 
In the above Figure, the losses for three different sizes of sand (see cursor values) are 
shown and here it becomes clear that loss is higher for the bigger size of sand particles. 
For 150 μm diameter sand particles, the losses are particularly higher than that of the 
other two. 
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4.2.2 Simulation Results for Non-guided Propagation 
 
In this part of the research work, the simulation model of the horn antenna is used to 
excite the air-sand or air-dust filled rectangular waveguide. As it is mentioned earlier, the 
cutoff frequency obtained from the dimension of the waveguide used in the horn antenna 
is 6.51 GHz. The frequency of interest is kept as 9 GHz. The software model is created to 
be replica of the experimental setup, as shown in Figure 4.19. Note that it is much easier 
to align the horn antennas in 
 
Figure 4.19: Simulator model of air-sand or air-dust filled box excited by horn antenna. 
simulation model than it is in experimental setup. The main reason for doing this 
simulation is to compare the simulated responses with experimental data to determine the 
effective permittivity of the air-sand and air-dust mixture within the box.  This is 
achieved by approximating a uniform dielectric constant and thus finding the simulated 
S-parameters, until they match with the experimental observed S-parameters. For the 
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given sand samples, the effective permittivity that produced equivalent scattering 
responses varied between 2<∈   <3. Note that the simulated models assumed standard 
value of dielectric loss tangent constant of 0.002. Figure 4.20 displays the transmission 
properties of the equivalent homogeneous media.  
 
Figure 4.20: Comparing losses for different∈   , for non guided propagation. 
Comparison between experimental and simulation results for non-guided propagation is 
performed in this section. The simulated back calculations provided the ∈   , values of  
2, 2.7 and 3 for dust-sand samples with particle sizes of 90 μm, 125 μm, and 150 μm, 
respectively. The superimposed experimental and simulated results are presented in 
Figures 4.21 to 4.23. These figures also validate the simulation model. In the following 
chapter, this validated model is used to investigate how microwave signal is affected by 
the sand-dust particle size, orientation, shape and concentration. 
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Figure 4.21: Comparing simulation of ∈   =2 with the experimental results using 90 μm 
particles. 
 
Figure 4.22: Comparing simulation of ∈   =2.7 with the experimental results using 125 
μm particles. 
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Figure 4.23: Comparing simulation of ∈   =3 with the experimental results using 150 μm 
particles. 
 
Among the three comparisons, the results which are shown in Figure 4.21 reproduce the 
worst match. Though at 9 GHz the results of simulation is pretty close to experimental 
value. Figures 4.22 and 4.23 show that though there are much variations in the 
experimental results which were collected using real time observations, the basic trend 
match while comparing it with the simulated results. The findings in these two figures 
show that the experimentally obtained S parameters can be observed through simulation 
that varies effective permittivity of the medium of propagation. 
The works which are discussed in this chapter enabled us to choose effective permittivity 
value for sand particles which is to be used later in this thesis for simulation purpose.  
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CHAPTER 5 
SIMULATOR BASED ANALYSIS OF MW 
PROPAGATION THROUGH SANDY/DUSTY 
MEDIA 
5.1 Background of the Modified Simulation Model 
 
The study of microwave (MW) propagation through sand/dust storm relies heavily on the 
experimental data on visibility measurements. The review of the literature in chapter 2 
revealed that the process of collecting visibility data is often difficult and random to draw 
conclusions. In the research work ofAl Hafid et al. [9], which was conducted using 13 
GHz signal on the outskirts of Baghdad city, found that the fading depth of the received 
MW signals are much larger than that of the predicted results. Similarly, when J.W. Ryde 
[10] dealt with radar reflectivity, he found the losses to be very little for dust storms. But 
this conclusion came for the frequencies that are at the lower end of the microwave 
frequency spectrum. Ghobrial [12] made some estimation for X-band MW signals and 
demonstrated different attenuation for different particle size and distribution of the sand-
dust particles. Then there comes other parameters like the particle geometry, humidity 
ratio etc. All these indicate one thing that experimental data could provide an actual 
scenario for a particular case, but in general, when it comes to predicting an overall 
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estimation of signal quality or losses, various parameters are associated with it and a 
general conclusion is very difficult to draw. In these circumstances, a validated 
simulation model could be very much welcome to predict the nature of microwave link 
under sand/dust storm. This model could be used to predict the scattering and polarization 
changes of the propagating microwave signal due to some certain individual parameters, 
like particle geometry, size and concentration. 
The experimental results of chapter 4 provided a clear indication on the pattern of the 
signal behavior, while propagating through different layers of sand storm i.e. for different 
particle radius of sand. The later part of chapter 4 introduced the simulated results for the 
similar setup that was used for the experimental results. But those simulations only 
demonstrated the signal losses due to effective permittivity of the media, as air-sand or 
air-dust mixture was approximated as a uniform media.  Since that simulation did not 
take account of parameters like the size of the sand particles, the scattering and 
polarization effects of EM waves were not accurately predicted.  
In this chapter, how MW signal is affected due to size and concentration of sand/dust 
particles are analyzed. Figure 5.1 shows the set up used for the software model which is 
created by the professional software HFSS (High Frequency Structural Simulator). This 
model will be used to analyze how microwave signal is affected by the parameters like 
particle size, shape, and concentration of sand particles. 
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Figure 5.1: Simulatedpropagation box between a pair of horn antennas. 
The size of the scaled box is selected to be: length 20 cm, height 12 cm and width 12 cm. 
This particular dimension is different from that of previous chapter to reduce simulation 
time. For this particular box, the simulation runtime is about 1-1.5 days for a computer 
having about 16 GB of RAM. Whereas, the box that was made for simulation in chapter 4 
took upto 2-3 days for a single run. Once the box is modeled, the sand/dust particle 
shapes are introduced within the box. The added advantage of this particular model is that 
it includes the convenience of choosing the geometry of the particle we are analyzing. As 
per literature review, the most commonly used shapes for sand particles are the circular 
shape and the ellipsoid shape.Thus this model shall analyze these two shapes. At the 
beginning, regular and symmetric distributions are used, though later, simulation scenario 
consisted of only random distribution of sand particles. The results given for random 
distribution differed a bit from the results given for regular distribution of sand spheres, 
as expected. But here we considered only the random particles distribution since it is 
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obvious that the real time scenario would include sand distribution as random. One 
particular example of such simulation is given below.  
5.2 Modified Simulation Model with Sand/Dust Samples 
 
The simulation model with sand/dust samples and the process of recording the S-
parameter responses are briefly discussed below.  
 
Figure 5.2: Simulator model with 105 circular, εeff=3 and randomly distributed sand-dust 
samples, for particle radius of 0.10 cm. 
The model is excited with X-band frequency sweep and the responses are recorded by 
measuring the scattering parameters of two port network (S21 and S11). The S21parameter 
is of particular interest, as it represents the transmission response. For the setup of Figure 
5.2, the following reflection and transmission responses are observed. 
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Figure 5.3: The magnitude response of S21 and S11 for 105 spherical shaped sand 
particles. 
 
Figure 5.4: The phase response of S21 and S11 for 105 spherical shaped sand particles. 
Although the measurements of phase responses are also recorded, only the magnitude 
parts of the transmission responses are analyzed. 
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5.2.1 Investigated Parameters of the Sand-Dust Media 
The objective of this simulation model is to observe the effects the sandy/dusty media 
have on MW propagation, when parameters like particle shape, size and concentration 
vary. For the purpose of modeling, two of the most popular shapes have been investigated 
as particle shape. They are spherical and ellipsoid. For each kind of shape, two important 
parameters are varied here: 
a. Radius of the sand particles. 
b. Sand concentration. 
 
5.3 Investigation for Spherical Shaped Sand Particles 
From the literature it is found that, spherical shape is one of the most popular shapes of 
sand particles. Thus, at first, spheres are chosen as sand particles in the simulation model. 
The particles which were put into the set up which was shown in Figure 5.2 are spherical.   
5.3.1 For Different Size of Sand Particles 
One of the principle objectives of this research work has been to study the effects of 
different sized sand particles on the microwave signals that suffer attenuation under sand 
and dust storm. In this simulation modeling, the radius of the sphere shaped sand particles 
is tested to see the effects on the transmission responses (S21). The radius values chosen 
are: 0.015 cm, 0.05 cm, 0.10 cm, 0.25 cm, 0.38 cm and 0.50 cm. In real sand storms, 
particles are found to be having radii up to 0.02 cm. For simulation model, the results are 
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more accurate if we can include numerous sand spheres of having such tiny radius. But it 
reality, it is extremely difficult to include thousands of models of tiny sand particles 
manually. Thus sand particle sizes bigger than 0.02 cm are considered. 
The transmission responses (S21) are observed for different sand concentration i.e. 
different number of sand particles per unit box. The size of the unit box is mentioned 
earlier. The calculated scattering parameters(S21) at 9 GHz for three different sand 
concentrations are presented in Figures 5.5 to 5.7. 
 
Figure 5.5: S21 response for sand concentration of 63 spherical particles/unit-box. 
 
This result shows that there is a considerable increase in losses when the particle radius is 
large (0.5 cm) compared to small radius (0.015 cm). Though the in between values are 
not following a particular pattern that would indicate higher losses for greater particle 
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sizes. This may be due to smaller concentration of the sand samples, as explained later in 
this section. 
 
Figure 5.6: S21 response for sand concentration of 105 spherical sand particles /unit-box. 
 
For sand concentration of 105 spheres, we can see a nice pattern indicating higher losses 
with the increase in particle radius. As expected, there is a considerable rise in the losses 
for greater particle radii like 0.38 cm and 0.5 cm. 
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Figure 5.7: S21 response for sand concentration of 135 spherical sand particles /unit-box. 
 
Results for sand concentration of 135 sand spheres are similar to the one that is for 
105sand spheres. The rising pattern here too is visible and clear as in the previous figure. 
After analyzing all the results given in Figures 5.5-5.7, it is clear that larger sand particles 
lead to greater loss. This is because increasing the sand particles increases the effective 
permittivity of the propagating media in addition to increase in scattering. These cause 
the reduction in received signal in output port. This finding also maintains the same 
pattern of the results which were experimentally observed in chapter 4. The results in 
Figure5.5 which shows S21 response for 63 sand spheres indicate that increased particles 
radius does not always lead to greater transmission loss. Though the differences found for 
different particle radius is very minimal, then again the trend in the result do not show 
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greater losses for greater particle size. This result pattern is found even when the 
responses are taken at other frequencies, e.g. 8.8 GHz and 9.2 GHz. Thus the limitation 
of this particular simulation model lies such that for very low sand concentration, where 
the responses differ very less with each other, the results could be random in nature and 
might not bring a particular pattern. 
5.3.2 For Different Concentration of Sand Particles 
After studying the effects of variation in the size of the sphere shaped sand particles, the 
second case is tried, where the sand concentration is varied and observation of the effects 
on the attenuation is made.To represent the variance in sand concentration, different 
numbers of sand spheres are considered. The numbers are randomly selected to be: 63, 
105 and 135. The orientation of the sand spheres is always kept random. It is clear that 
the case with 135 sphere shaped sand particles can be considered about 2 times more 
concentrated sand than that of the case, which take account 63 sphere shaped sand 
particles. 
Like the previous sub-section, here too, the measurements are made at 9.0 GHz and the 
simulated S-parameter (S21) responses are shown in Figures 5.8 to 5.11. The simulated 
results for frequencies of 8.8 GHz and 9.2 GHz are observed and they demonstrated 
similar characteristics as well. It is clear from these figures that higher sand concentration 
leads to a greater loss in transmission response. 
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Figure 5.8: S21 response for spherical sand radius of 0.05 cm 
 
Figure 5.9: S21 response for spherical sand radius of 0.10 cm. 
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Figure 5.10: S21 response for spherical sand radius of 0.25 cm. 
 
Figure 5.11:S21 response for spherical sand radius of 0.38 cm. 
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Figure 5.12: Comparison of S21 measurements for variation in sand concentration. 
Figure 5.12 shows results from Figure 5.8-Figure 5.11 in a single plot. From here, it is 
clear that, the difference in the S21 measurements between particle radius 0.05    and 
0.10    is very little. Whereas, attenuation increases a lot when the particle size gets 
considerably large (0.38   ).  
After analyzing all the results for different sand concentrations, it is clear that increasing 
sand radius increases attenuation, except for the case for 63 balls. Note that the results in 
Figures 5.8 and 5.9 demonstrated slight reduction of received signals, whereas the 
responses in Figures 5.10and 5.11 demonstrate considerable reduction in received 
signals, particularly for the sand particle concentration of 105 spheres per unit box.  The 
reason behind this may be due to unstable simulation results with smaller sand particles. 
Further works need to be done with more particles of small sizes like 0.015 cm. Another 
noteworthy thing is observed that the deviation of concentration from the case of 105 
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sand spheres to 135sand spheres did not change the transmission response that much. 
This indicates that after a certain increase in sand concentration, i.e. when the 
concentration is considerably high, attenuation results do not deviate that much and tend 
to reach saturation. Even then, the findings of this simulation reiterate that higher density 
or concentration of sand results in greater transmission losses than that of a lower sand 
concentration. 
5.4 Investigation for Elliptical Shaped Sand Particles 
After investigating the effects of MW propagation through sand/dust media which 
consisted of sphere shaped particles, the focus is moved to the elliptical shaped sand 
particles. Here too, the effects of varying the particle size and sand concentration are 
tested in a similar manner.  
5.4.1 For Different Size of Sand Particles 
An ellipsoid is a closed quadric surface that is a three dimensional analogue of an ellipse. 
Figure 5.13 shows a tri-axial ellipsoid with distinct semi-axes a, b and c. 
 
Figure 5.13: A tri-axial ellipsoid. 
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There are four distinct types of ellipsoids based on the values of a, b and c. These values 
represent the length in the x, y, and z axes, respectively. The particular shape this work 
chooses to represent as sand particles is one of them. It is known as ‘oblate ellipsoid of 
revolution’ or ‘oblate spheroid’. For this particular ellipsoid, the values are chosen such 
that a = b > c.  
For modeling purpose, six sets of values are chosen for investigating the effects on the 
propagating signal due to the change in sand particle sizes. These sets are: 
I. a = b = 0.015 cm, c = 0.012 cm. 
II. a = b = 0.05 cm, c = 0.04 cm. 
III. a = b = 0.010 cm, c = 0.08 cm. 
IV. a = b = 0. 25 cm, c = 0.20 cm. 
V. a = b = 0.38 cm, c = 0.30 cm. 
VI. a = b = 0.50 cm, c = 0.40 cm. 
These sets of values are chosen so that the volumes produced by these elliptical sand 
particles remain in close proximity to the volumes of the spherical sand particles which 
were chosen previously in this chapter.   
There is another important thing to consider about the orientation of the elliptical shaped 
sand particles inside the box. The oblate spheroid can be placed in two ways, vertical and 
horizontal. This work tries the both ways to check the effects of change in particle sizes. 
A comparison can also be made between the vertical orientation and the horizontal 
orientation of the elliptical sand particles.  
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Here the transmission responses (S21) are observed for one particular sand concentration 
i.e. 135 sand particles per unit box. The size of the unit box remains the same as 
mentioned in the previous subsection. The frequency of interest is 9 GHz. 
Figure 5.14 shows the transmission responses for 135 elliptical sand particles (vertical 
orientation) for variation in the sand particle size. The variations in the sizes of the sand 
particles are done by choosing the six sets of values of a, b and c which is already 
mentioned. 
 
Figure 5.14: S21 response for sand concentration of 135 vertically oriented elliptic sand 
particles. 
It is clear that the transmission loss increases with the increase in particle size.  
Figure 5.15 shows the S21 responses for 135 elliptical sand particles which are placed 
with horizontal orientation. 
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Figure 5.15: S21 response for sand concentration of 135 horizontally oriented elliptic 
sand particles. 
Like Figure 5.14, here too we find the trend that shows higher transmission losses for 
bigger sizes of sand particles. While comparing the results for two types of orientation of 
the elliptical sand particles, except for the largest particles size (a=b= 0.5 cm, c=0.4 cm), 
all the other sizes of particles produce results which are very close to each other.  
Figure 5.16 shows a comparison between the S21 responses for elliptical sand particles 
with spherical sand particles. The results obtained in Figures 5.14 and 5.15 are 
superimposed with the results for spherical sand particles with fixed sand concentration 
of 135 particles (see Figure 5.7).  
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Figure 5.16: Comparison for elliptical shaped sand particles with spherical shaped sand 
particles, for fixed concentration of 135 sand particles. 
From the comparison shown in Figure 5.16, it is clear that the losses for spherical sand 
particles are higher than that of elliptic particles. It should be noted this deviation is 
expected as the volumes of the elliptical sand particles actually are 20 % less than the 
volumes of their corresponding spherical particles.  
5.4.2 For Different Concentration of Sand Particles 
In subsection 5.3.2, the effects of varying sand concentration was tried for spherical 
shaped sand particles. Here the same thing is tried for one particular particle size. The 
chosen size of the sand particle is described by a= b=0.25 cm and c= 0.20 cm. Like the 
case with spherical sand particles, here too, the responses are measured for three different 
numbers of sand particles, they are: 63, 105 and 135.Figure 5.17 and Figure 5.18 show 
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the transmission responses (S21) for variation in sand concentration for two types of 
orientations, vertical and horizontal, respectively. 
 
Figure 5.17: S21 responses for elliptical sand particle with a=b=0.25 cm, c= 0.2 cm 
(vertical orientation). 
60 70 80 90 100 110 120 130 140
-5.25
-5.2
-5.15
-5.1
-5.05
X: 63
Y: -5.157
  
S
21
(d
B
)
Sand/Dust Concentration
X: 135
Y: -5.228
74 
 
 
Figure 5.18: S21 responses for elliptical sand particle with a=b=0.25 cm, c= 0.2 cm 
(horizontal orientation). 
From the figures 5.15 and 5.16, it is clear that transmission losses increase with increase 
in sand concentration. But the responses for 105 sand particles and 135 sand particles are 
very close to each other.   
Figure 5.19 shows a comparison between the S21 responses for elliptical sand particles 
with spherical sand particles. The results obtained in Figures 5.16 and 5.17 are 
superimposed with the results for spherical sand particles with particle radius 0.25 cm 
(see Figure 5.10).  
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Figure 5.19: Comparison for elliptical shaped particles (a=b=0.25 cm, c=0.2 cm) with 
spherical shaped sand particles (r=0.25 cm). 
The superimposed results in Figure 5.19 indicate that there is very little difference for 
the two orientations of elliptical particles, though both the orientation deviates much 
from the results obtained for spherical particles. For low concentration (i.e. 63 sand 
particles) of sand, spherical sand particles show transmission losses which are lower 
than that of the elliptical particles. But for high sand concentration (135 particles), the 
losses for spherical particles are greater than the elliptic particles. 
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CHAPTER 6 
COMPARISON OF SIMULATION AND 
EXPERIMENTAL RESULTS 
6.1 Relating Simulation Results to Experimental Observations 
This thesis work aims to investigate the effects of layer based sand/dust media on the 
propagation of microwave signal.  In chapter 4, the disturbances in a microwave link 
under a sand/dust medium was investigated through a laboratory based experimental 
setup. In the later part of the same chapter, HFSS software is used to simulate similar 
experimental setup. Comparing the simulated results with the experimental data, effective 
permittivity of the mixture of air-sand media was determined.  In chapter 5, a modified 
simulation model was developed to analyze the EM scattering for variation of different 
parameters of the sand-dust media, such as, particle size, shape and concentration. Due to 
difficulty in creating a real-size model of the sand-dust storm with acceptable particle 
concentration, a scaled model was implemented. Using the simulated s-parameter 
responses, the EM scattering due to variations in the sand-dust particle sizes, shapes and 
concentration were analyzed.  
The results of the simulation model that were presented in chapter 5 were not linked to 
any real time data for the verification of simulation. Further work has been done in this 
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chapter to make a comparison between simulated results and the results that were 
obtained experimentally (which was presented in chapter 4).  
6.1.1 Design and Analysis of Scaled Simulation Model 
In chapter 4, EM scattering was experimentally investigated using a rectangular box with 
a width of 60 cm, length of 80 cm and height of 60 cm. The air-sand dielectric material 
within the box was enclosed by a 4 mm thick plastic wall with air-inlet valves. The 
rectangular horn antennas attached to both side of the air-sand box were used to excite 
and receive an X-band frequency sweep. The box was filled with air-sand mixture for 
sand particle sizes of 90   , 125    and 150   . The concentration of the air-sand 
mixture was controlled by putting a particular volume of sand particles within the air-
box. To better match the experimental data with simulated results, the modified 
simulation model of chapter 4investigated EM scattering due to change in different 
particle shape, size and concentration. In this chapter, one particular approach is tried to 
scale the simulation scenario to match up with the experimental setup. 
For the experimental results, the transmission response for the sand sample of diameter 
150    is considered. And for the simulation results, the transmission response for the 
case of 135 spherical particles with particle diameter 1000 μm  is considered. The particle 
used in simulation is about 6.67 times bigger that the particles used in experimental. Thus 
6.67 is chosen as the scaling parameter. As the objective is to match the experimentally 
obtained S21 responses for sand diameter of 150μm , the frequency of interest for 
simulation is chosen as (9 GHz ÷6.67) or 1.35 GHz. Thus, this scaling maintained the 
same ratio of the simulated wavelength to particle size to that of the experimental setup. 
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But the operating frequency 1.35 GHz required a horn antenna larger than the dimension 
of the propagation box. So a slightly adjusted frequency of 1.5 GHz is adopted to reduce 
the horn antenna size to match up to the dimensions of 12 cm width and 12 cm height. 
To match the ratio of wavelength of the signal to the length of the simulation box, an 
equivalent box in the experimental setup would have dimensions which are 6.67 times 
less than the dimensions of the simulation box.Thus, the dimensions of the box in the 
scaled-up simulated model with dimensions of 12 cm x 20 cm x 12 cm,corresponds to a 
small rectangular section of the experimental box (of chapter 4) with dimensions of 1.8 
cm x 3 cm x 1.8 cm. 
The scaled-up version of the modified simulated model is shown as Box A inFigure 6.1. 
The corresponding rectangular section within the experimental box of chapter 4 is shown 
as Box B inFigure 6.1.  Thus, the EM scattering (specifically attenuation) of Box A 
should correspond to Box B due to equal scaling of all parameters including box-size, 
sand-particle size, operating frequency etc. So EM attenuation obtained from the 
simulated S-parameters of this model can be directly compared with experimentally 
observed results. 
79 
 
 
Figure 6.1: Simulated responses for Box A at 1.5 GHz are equivalent to the experimental 
responses for Box B at 9 GHz. 
The simulated S-parameter (S21) response of Box A, containing 135 randomly distributed 
spherical sand particles with diameter of 0.1 cm is shown in Figure 6.2.For comparing 
this result with the S21 obtained without sand particles i.e. the results for box containing 
only air is also superimposed in this figure.  
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Figure 6.2: Comparison of S21 responses of Air-Sand and Air-only cases(Box A). 
Note that the transmission response of propagating EMsignal improves with increasing 
frequency. But due to the selected scaling factor, the attenuation due to air-sand dielectric 
media at 1.5 GHz remained important. The measured and simulated responses are 
calibrated by subtracting the S21 values of the air-sand mixture from that of air-only 
case. This allowed us to record the losses of the propagating EM wave due to sand 
particles only. The observed attenuation for selected sand sample demonstrated by the 
scaled-up simulated model (Box A),which is tabulated in Table 6.1, corresponds to losses 
of a smaller rectangular section (Box B of Figure 6.1) of the experimental setup presented 
in chapter 4.  
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Table 6.1: Simulated and Experimental S21 responses with their corresponding losses. 
 Simulated results at 1.5- 
GHz for box with 
dimensions of 
12 cm x 12 cm x 20 cm 
Experimental results at 9-
GHz for box with 
dimensions of 
60 cm x 60 cm x 80 cm 
S21 for Air Only (dB) -18.287 dB -18.75 dB 
S21 for Air-Sand Mixture (dB) -18.371 dB -23.3 dB 
 
Using the linear power-ratio scale and assuming uniform attenuation, the extrapolated 
attenuation of the whole experimental box can be calculated and found as 0.027 dB/80 
cm. This value is presented in Table 6.2 along with the attenuation which is calculated 
from the experimentally observed measurement of S21 responses.  
Table 6.2: Attenuation due to sand particles for an 80 cm link. 
 Simulated results  
9 GHz (extrapolated 
from 1.5 GHz response) 
Experimental results  
at 9 GHz  
Attenuation due to Sand 
particles (dB/80cm)  
0.027 dB/80cm 0.0376 dB/80cm 
 
The difference in experimental and simulated attenuationsis quite low and could be 
attributed to the error in assumption of the sand particle distribution, difference in shape, 
concentration, presence of the moisture content in sand particles etc.   
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6.1.2 Comparison ofAttenuation with Values Obtained from Literature 
In Table 6.2, it is shown that the calculated attenuations for an 80 cm link due to the 
presence of sand particles are 0.0376 dB (experimental results) and 0.027 dB (simulation 
results). The measured S21 values are converted to linear scale before subtracting the air-
sand values from air-only case. This manual calibration allowed us to monitor the 
attenuation due to sand-particles of the propagation box. For comparison with the 
literature, the attenuation due to 1m link is extrapolated from that of 80 cm. Thus, the 
attenuations are calculated as 0.047 dB/m (experimental results) and 0.034 dB/m 
(simulation results). These valuesare comparable to the measured attenuation of Haddad 
et al. [21], which is 0.034 dB/m at the frequency of 9.4 GHz. But their measured 
attenuation is 30 times larger than their calculated attenuation of 0.001 dB/m [21]. This 
problem was unexplained until 2005, when Zhou et al. [37] and He et al. [38] included 
the effect of charges carried by the sand particles. Their work showed that the attenuation 
coefficients for charged sand particles could be as high as the measured results reported 
by Haddad et al. [21]. Thus, the difference between the attenuation measured 
experimentally and obtained through calculation of Haddad’s work gets resolved when 
the effects of charged sand particles are considered. Li et al. [39] calculated attenuation 
for partially charged sand particles. For a given charge to mass ratio of -10 μC/kg, this 
attenuation can be approximated as 0.05 dB/m at 9 GHz [39]. Table 6.3 tabulates the 
different attenuation values for 1 m link for the purpose of comparison. 
 
 
83 
 
Table 6.3: Comparison of the different Attenuation values(dB/m). 
Attenuation 
obtained from 
optimized simulator 
model  
(at 9 GHz) 
Attenuation 
calculated from 
experimental results 
(at 9 GHz) 
Attenuation 
obtained from the 
work of Haddad et 
al. [21]  
(at 9.4 GHz) 
Attenuation  
Obtained from the 
work of Li et al. 
[39]  
(at 9 GHz) 
0.034 (dB/m) 0.047 (dB/m) 0.034 (dB/m) 0.05 (dB/m) 
 
6.2 Investigation of Effects of Polarization through Simulation 
Polarization is an important property of propagating electromagnetic wave, as discussed 
in Chapter 3. It mostly describes the orientation of the electric field (E-field) component 
of the propagating EM wave. Typically, linearly polarized EM waves are either vertically 
or horizontally polarized, and the orientation of the rectangular horn antenna with 
horizontally or vertically directed E-field are used to excite or receive them. Thus, in the 
simulation model, the polarization effects of the propagating EM wave due to air-
sand/dust media can be observed by rotating the orientation of the receiver horn antenna 
from vertical to horizontal direction. This allowed the reception of the horizontally 
polarized waves exiting the propagating area. This method is used here for the air-sand 
filled scaled simulation model with box dimensions of 12 cm x 12 cm x 20 cm. The 
simulations are performed for elliptical sand particles too with vertical and horizontal 
orientation (as explained in chapter 5). Three measurements are taken to make the 
comparison which involves both the particle shapes this study has approached so far, 
spherical and elliptical. At first, 135 spherical sand particles are considered for a particle 
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radius of 0.05 cm. The second case considers 135 vertically oriented elliptical particles 
with size a = b = 0.05 cm and c = 0.04 cm. Finally 135 horizontally oriented elliptical 
particles with same values of a, b and c are considered. 
Comparing the transmission responses of the vertically and horizontally polarized 
received signals of all these cases, the effects on the polarization of the propagating EM 
wave is predicted. The transmission responses for two types of polarizationsfor spherical 
shaped sand as well as vertically and horizontally oriented elliptical shaped sand are 
given in Table 6.4.  
Table 6.4: Simulated S21 values for different polarizations and different shapes of sand 
particles. 
 Spherical Sand 
Particles 
Vertically Oriented 
Elliptical Sand 
Particles 
Horizontally 
Oriented Elliptical 
Sand Particles 
S21 for Vertical 
Polarization (dB) 
-18.3710 -18.3611 -18.3661 
S21 for Horizontal 
Polarization (dB) 
-18.3727 -18.3851 -18.375 
 
From the results shown in Table 6.4 it is clear that there are certain deviations in the S21 
measurements for two different polarizations of electric field. To determine the effect of 
this polarization, results for horizontal polarization for spherical sand particles is used to 
calculate the losses for the presence of sand particles and it is found to be 0.029dB/80 cm. 
As mentioned in the section 6.1 this loss was calculated to be 0.027 dB/80 cm (vertical 
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polarization). According to these results, it is clear that the differences due to change in 
polarization could have a greater impact when the losses are calculated for a larger link. 
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CHAPTER 7 
SUMMARY AND CONCLUSION 
This research work investigated the effects of a microwave signal propagating through 
sandy/dusty medium. Initially these effects were observed by monitoring the transmission 
responses of a laboratory setup made of a non-guided propagation box. Properly aligned 
horn antennas were used as transmitter and receiver. Attenuations due to sand particles 
within the propagation box were calculated by subtracting the transmission responses of 
air-sand mixture from that of the air-only case. Then using the professional simulator 
software (HFSS), a modified simulation setup was modeled to monitor S-parameter 
responses. By comparing the experimental and simulated results, the simulator model 
was fine tuned in terms of excitation and mesh size etc. The validated simulator model 
was then used to investigate the effects of parameters like sand particle concentrations, 
shapes and sizes etc. The polarization effects on EM scattering were also investigated by 
using the same model. The overall summary, conclusion and future prospects of the work 
are presented in the following sections. 
 
7.1 Summary 
 A thorough literature survey on the attenuation of the propagating microwave 
signal due to suspended particles of sand-storm was presented.  
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 In the literature, layer based sand storm was defined as smaller sand particles 
reside in the upper layer. But EM scattering due to different layers of sand storm 
containing different sized sand particles was absent in the literature. 
 Using the Sieve Analysis, different sized sand particles were collected. The three 
collected sand samples consisted of particles with diameters of: 90  m, 125  m 
and 150  m. 
 A series of transmission response measurements (S21) for a rectangular waveguide 
filled with air-sand mixture were performed for three sand samples. Blowers 
installed using non-radiating slots were used to distribute the sand particles to 
resemble sand-storm. A vector analyzer was used to record the responses and 
attenuation due to sand samples was calculated. The S21 results were used to 
validate a simulation model of a similar set-up which was constructed by using 
the professional EM simulator (HFSS). The simulator was used to back calculate 
the effective dielectric constants of three different uniform air-sand mixtures.   
 A similar non-guided propagation set-up was created in the laboratory. This 
included a plastic box with optimally positioned air blowers and air-only 
valves.Aligned transmitting and receiving horns were placed at both ends of the 
box and were connected to a network analyzer.  
 S21 responses were measured for all the three sand samples with known 
concentration and related attenuation due to sand samples was calculated. 
 A simulator model was developed for the investigation of the non-guided 
propagation of microwave signal through the plastic box,filled with uniform air-
sand media of certain effective permittivity. The experimental S-parameters were 
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used as a reference and effective permittivity values were varied until simulated 
S-parameters gave same/similar values. 
 But the shortcoming of this approach was that the software model ignored the 
influences of sand/dust particle shapes, sizes and concentrations, which may have 
produced changes in polarization, S-parameters etc. 
 After that, a modified simulation model was tried where sand particles of different 
sizes, shapes, and concentrations were included to investigate how attenuation and 
polarization of the propagating X-band microwave signal gets affected due to 
individual parameters of the layered sand-storm.  
 Attenuation due to sand samples observed from the modified scaled simulator 
model and the experimental setup were compared for an arbitrarily selected 
frequency of 9 GHz. This validated the simulated model for non-guided 
propagation.  
 While comparing results for different sand concentrations, it was found that 
higher density of sand particles lead to a higher loss. 
 The results of this simulation model were then scaled and superimposed to match 
the scenarios which were exploited earlier through experimental findings. A 
comparison was drawn between the experimental findings and the results obtained 
from the simulation model. 
 To observe the polarization changes due to particle shape and orientation, 
spherical and elliptical particles were included in the simulated model. The E and 
H plane microwave signals, received by the horn antenna, were recorded and 
analyzed. 
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7.2  Conclusion 
The Middle East is one of the regions which experience severe sand/dust storm 
throughout different times in a year. The reliability and stability of the wireless 
communication links get affected during these times and to ensure the quality of service, 
a proper way of understanding and analyzing of these events is required.  
This work aims to investigate the transmission responses of microwave signals under 
sandy/dusty media. At first, the effects were observed experimentally by using three 
different sand sample of diameter 90   , 125   , and, 150   . Later these findings 
were tried to be matched through different simulation approaches. This was done in the 
pursuit of a simulation model that can take account of different parameters which are 
associated with the propagation of microwave signal under such conditions. Finally a 
simulation model was introduced which is convenient for tackling issues concerning 
different particle radii, frequencies, variations in sand concentration, polarizations etc. All 
the findings of the simulation models reiterate the finding that for different sand particle 
size, different attenuations are experienced. And a heavier sand concentration leads to a 
greater loss in signal transmission responses. Using this model can be proven to be useful 
in predicting signal attenuation under different circumstances related to Sandy/Dusty 
weather.  
Later the simulation model was modified and scaled in order to make a comparison of the 
attenuation obtained from the experimental results. For a link of 1 m, attenuation was 
calculated as 0.047 dB from experimental results. The corresponding simulated 
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attenuation was calculated as 0.034 dB/m. Finally these values were compared with the 
values obtained from the literature and they agreed well.  
There have been some limitations as well in the approaches taken in this study. The 
experimental data that were recorded manually using a vector analyzer, has some 
instrumental errors. Again, in the simulation model that usedspherical and elliptical 
shapes to represent sand particles, the total number of particles was limited. It was quite 
difficult to put a large number of sand spheres manually in order to keep the distribution 
random. 
7.3 Future Works 
 The experimental measurements could be taken outside the laboratory and a 
greater range for exploitation of signal in terms of distance could be tested. 
 While this work contained study of MW signals in X band frequency, 
frequencies in other bands could also be used in the measurements. 
 Another important aspect could be to quantify visibility with sand concentration 
as visibility is such a key parameter in the study of signal attenuation. A 
simulation model could be a pursuit to establish the relation. 
 The proposed simulation model could be tested for more combinations at 
different geometric test scenarios.  
 The effect of polarization could be tested more accurately by putting a larger 
number of sand spheres inside the box. 
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